Abstract: DA-9805 is a botanical anti-Parkinson's drug candidate formulated from ethanol extracts of the root of Bupleurum falcatum, the root cortex of Paeonia suffruticosa, and the root of Angelica dahurica. The pharmacokinetics (PKs) and brain distribution of active/representative ingredients of DA-9805, Saikosaponin a (SSa; 1.1-4.6 mg/kg), Paeonol (PA; 14.8-59.2 mg/kg), and Imperatorin (IMP; 1.4-11.5 mg/kg) were evaluated following the intravenous or oral administration of each pure component and the equivalent dose of DA-9805 in rats. All three components had greater dose-normalized areas under the plasma concentration-time curve (AUC) and slower clearance with higher doses, following intravenous administration. By contrast, dose-proportional AUC values of SSa, PA, and IMP were observed following the oral administration of each pure component (with the exception of IMP at the highest dose) or DA-9805. Compared to oral administration of each pure compound, DA-9805 administration showed an increase in the AUC of SSa (by 96.1-163%) and PA (by 155-164%), possibly due to inhibition of their metabolism by IMP or other component(s) in DA-9805. A delay in the absorption of PA and IMP was observed when they were administered as DA-9805. All three components of DA-9805 showed greater binding values in brain homogenates than in plasma, possibly explaining why the brain-to-plasma ratios were greater than unity following multiple oral administrations of DA-9805. By contrast, their levels in cerebrospinal fluid were negligible. Our results further our understanding of the comprehensive PK characteristics of SSa, PA, and IMP in rats and the comparative PKs between each pure component and DA-9805.
Introduction
Recently, the potential role of herbal products in the treatment of Parkinson's disease has emerged [1] . Neuroprotective or neurorestorative agents for the treatment of this disease by either inhibiting primary neurodegenerative events or boosting compensatory and regenerative mechanisms in the brain remain an unmet medical need [2] . DA-9805, a novel botanical neuroprotective anti-Parkinson's drug candidate, was formulated from ethanol extracts of the mixture (1:1:1, w/w/w) of three herbal drugs, the root of Bupleurum falcatum L. (Apiaceae), the root cortex of Paeonia suffruticosa Andrews (Paeoniaceae), and the root of Angelica dahurica Benth et Hook (Umbelliferae). An investigational new drug application for DA-9805 for a phase II clinical study was recently submitted to the U.S. Food and Drug Administration. The neuroprotective effects of each of the three herbal constituents in DA-9805 have been reported in various in vitro and animal models. Ethanol extracts of the root of B. falcatum have been shown to inhibit neuroinflammation in murine microglial representative component of DA-9805, for which it is used as a quality control (QC) ingredient (at >0.297%). The quantity of SSa is listed in the Chinese Pharmacopeia for QC of a traditional Chinese medicine (TCM) prescribed with Radix Bupleuri [8] . Its pharmacological activity and structure are similar to those of steroids [9] , and its antiepileptic [10] and neuroprotective effects [11] have recently been reported. However, its toxicity, including an ability to cause hemolysis and liver damage, has also been reported [12] . The pharmacokinetics (PKs) of SSa following intravenous administration of 15 mg/kg [8] and oral administration of the extract of the dried roots of B. chinense DC (equivalent to ~40 mg/kg SSa) [13] have been reported.
Paeonol (PA; 1-[2-hydroxy-4-methoxyphenyl]ethanone; Figure 1B ), a marker component of the root cortex of P. suffruticosa [14] , is the most abundant active compound in DA-9805 (at >2.802%). It has various pharmacological activities [15] [16] [17] and neuroprotective effects in various murine models [18] [19] [20] . Its PKs and/or tissue distribution have been reported after intravenous (2.5-10 mg/kg) [21] and oral administration (35-140 mg/kg) [14, 22] , as well as after oral administration of herbal products containing PA or TCM prescriptions (equivalent to 17.5-100 mg/kg PA) [23, 24] .
Imperatorin (IMP, 9-[3-methylbut-2-enoxy]-7-furo[3,2-g]chromenone; Figure 1C ), an active ingredient in the root of A. dahurica, is another representative component of DA-9805 (at >0.512%). It has anti-inflammatory effects [25, 26] and other favorable effects in the central nervous system (CNS) including neuroprotective, anticonvulsant, anxiolytic, and procognitive activities [27] [28] [29] . Its PKs following intravenous and oral administration (6.25-25 mg/kg or 80 mg/kg) in rats have been reported [30, 31] , as has its brain distribution after oral administration of 20 mg/kg of IMP [32] or ~26 mg/kg in an extract [33] . The efficacy and safety of herbal medicines remain major issues of concern. Up to now, a widely accepted approach for evaluating in vivo efficacy of an herbal medicine is that the efficacy of mixed herbal preparation can be correlated with pharmacokinetic behavior of one or several known active ingredients [34] . PKs studies of these three active/representative ingredients of DA-9805 are essential for botanical drug development to evaluate not only the efficacy of the drug but also its potential drug interactions and toxicity. Despite the promising neuroprotective activities of DA-9805 as an antiParkinson's agent, the PKs of its active/representative ingredients at relatively low doses have not been characterized comprehensively. Moreover, PKs of each active ingredient following DA-9805 administration may be altered by the multiple components in DA-9805.
In this study, the PKs of pure SSa, PA, and IMP and their dose dependency were evaluated following the intravenous and oral administration of each pure component. The PKs of each marker compound following the oral administration of DA-9805 were also compared to those following the Figure 1B ), a marker component of the root cortex of P. suffruticosa [14] , is the most abundant active compound in DA-9805 (at >2.802%). It has various pharmacological activities [15] [16] [17] and neuroprotective effects in various murine models [18] [19] [20] . Its PKs and/or tissue distribution have been reported after intravenous (2.5-10 mg/kg) [21] and oral administration (35-140 mg/kg) [14, 22] , as well as after oral administration of herbal products containing PA or TCM prescriptions (equivalent to 17.5-100 mg/kg PA) [23, 24] .
Imperatorin (IMP, 9-[3-methylbut-2-enoxy]-7-furo[3,2-g]chromenone; Figure 1C ), an active ingredient in the root of A. dahurica, is another representative component of DA-9805 (at >0.512%). It has anti-inflammatory effects [25, 26] and other favorable effects in the central nervous system (CNS) including neuroprotective, anticonvulsant, anxiolytic, and procognitive activities [27] [28] [29] . Its PKs following intravenous and oral administration (6.25-25 mg/kg or 80 mg/kg) in rats have been reported [30, 31] , as has its brain distribution after oral administration of 20 mg/kg of IMP [32] or 26 mg/kg in an extract [33] .
The efficacy and safety of herbal medicines remain major issues of concern. Up to now, a widely accepted approach for evaluating in vivo efficacy of an herbal medicine is that the efficacy of mixed herbal preparation can be correlated with pharmacokinetic behavior of one or several known active ingredients [34] . PKs studies of these three active/representative ingredients of DA-9805 are essential for botanical drug development to evaluate not only the efficacy of the drug but also its potential drug interactions and toxicity. Despite the promising neuroprotective activities of DA-9805 as an anti-Parkinson's agent, the PKs of its active/representative ingredients at relatively low doses have not been characterized comprehensively. Moreover, PKs of each active ingredient following DA-9805 administration may be altered by the multiple components in DA-9805. In this study, the PKs of pure SSa, PA, and IMP and their dose dependency were evaluated following the intravenous and oral administration of each pure component. The PKs of each marker compound following the oral administration of DA-9805 were also compared to those following the respective equivalent dose of the pure marker components. Moreover, the distribution of the three active components in the brain, which is the site of action, was evaluated following multiple oral administrations of DA-9805.
Materials and Methods

Materials and Reagents
DA-9805 (Lot No. PD15702; containing 0.456% SSa, 5.919% PA, and 0.576% IMP, as determined by HPLC-UV) was obtained from Dong-A ST (Yongin, Korea). SSa (98.32% purity) and IMP (99.17% purity) were products from Letopharm, Ltd. (Shanghai, China), and PA (99.8% purity) was obtained from Sigma-Aldrich (St. Louis, MO, USA). Internal standard (IS) for SSa, PA, and IMP (dexamethasone, bumetanide, indomethacin, respectively), hydroxypropyl-methylcellulose (HPMC), dimethylsulfoxide (DMSO), Tween ® 80, and Solutol ® HS 15 were purchased from Sigma-Aldrich (St. Louis, MO, USA). Other chemicals were of reagent or HPLC grade.
Animals
Animal-study protocols were approved by the Department of Laboratory Animals, Institutional Animal Care and Use Committee on the Sungsim Campus of the Catholic University of Korea (Approval No. 2015-011; Bucheon, Korea). Male Sprague-Dawley rats, 7-8 weeks old and weighing 195-300 g, were purchased from Young Bio (Sungnam, Korea). The procedures used for the housing and handling of rats were similar to those previously described [35] .
Intravenous Drug Administration
For intravenous administration, the carotid artery and jugular vein were cannulated using previously reported procedures [35] . Thereafter, each pure active component of DA-9805 was infused for 1 min via the jugular vein: SSa (dissolved in 2:1:7 [v/v/v] DMSO:Tween 80:distilled water (DW)) at doses of 2.3 and 4.6 mg (2 mL)/kg (n = 5 and 4, respectively); PA (dissolved in 2:2:6 [v/v/v] DMSO:Tween 80:20% Solutol in DW) at doses of 14.8, 29.6, and 59.2 mg (2 mL)/kg (n = 5, 5, and 6, respectively); and IMP (dissolved in 2:2:6 [v/v/v] DMSO:Tween 80: DW) at doses of 2.9, 5.8, and 11.5 mg (2 mL)/kg (n = 5, 6 and 5, respectively). A blood sample of~200 µL was collected via the carotid artery at time 0 (prior to dosing), 1 (at the end of the infusion), and 5, 15, 30, 60, 90, 120, 180, 240, 360 , and 480 min after the start of infusion. After centrifugation (13,000× g for 2 min), 100 µL aliquots of plasma were collected and stored at −20 • C until liquid chromatography-tandem mass spectrometry (LC-MS/MS) analyses. The preparation and handling of 24 h urine samples (Ae 0-24h ) and gastrointestinal tract (GI) samples (including their contents at 24 h and feces during 0-24 h) at 24 h (GI 24h ) were similar to a previously reported method [35] .
Oral Drug Administration
DA-9805 (dissolved in 2:7.75, 2:7.5, and 2:7 [v/v] DMSO:DW with 2% HPMC, respectively) at doses of 250, 500, and 1000 mg (10 mL)/kg was administered orally using a gastric gavage tube (n = 5 each). Equivalent doses of each pure SSa, PA, and IMP (dissolved in 2:7.75:0.25, 2:7.5:0.5, and 2:7:1 [v/v/v] DMSO:DW with 2% HPMC:ethanol with dose elevation) were also administered orally (n = 4 or 5 each). Doses of 1.1, 2.3, and 4.6 mg (10 mL)/kg pure SSa; 14.8, 29.6, and 59.2 mg (10 mL)/kg pure PA; and 1.4, 2.9, and 5.8 mg (10 mL)/kg pure IMP were orally administered. A blood sample of~200 µL was collected via the carotid artery at 0, 5, 15, 30, 45, 60, 90, 120, 180, 240, 360, 480 , and 600 min after oral administration. Other procedures for the oral study were similar to those used for the intravenous study. DA-9805 (dissolved in 2:7 [v/v] DMSO:DW with 2% HPMC and diluted 2-fold with DW to a final concentration of 250 mg/5 mL) at a dose of 250 mg (5 mL)/kg/day was orally administered for 8 days. At 2 and 6 h after the final oral dose, the rats were euthanized (n = 3 at each time point) by carbon-dioxide asphyxiation, and cerebrospinal fluid (CSF) was collected from each rat. Blood samples were collected via cardiac puncture. Next, the mixed brain (whole of left hemisphere), frontal cortex, striatum, hippocampus, and cerebellum (from the right hemisphere) were excised and blotted on tissue paper. Each tissue sample was homogenized (Minilys ® ; Bertin Technologies, Montigny le Bretonneux, France) with 3 volumes (3 mL/g tissue) of methanol and centrifuged at 9000 g for 10 min. Two 100 µL aliquots of the supernatant and plasma samples were collected and stored at −70 • C until subsequent LC-MS/MS analyses. The protein-binding abilities of SSa, PA, and IMP in fresh rat plasma and brain homogenates were measured using a single-use rapid equilibrium dialysis device (molecular weight cutoff of 8 kDa; Thermo Scientific, Rockford, IL, USA) in accordance with the manufacturer's instructions. For binding studies with rat plasma, SSa, PA, and IMP were spiked into each 1200 µL blank plasma sample (n = 6) to produce a final concentration of 0.5, 2, and 0.5 µg/mL, respectively. A triplicate of the above samples (each containing 300 µL) was placed into each sample chamber to minimize potential errors during sample processing, and was dialyzed against 500 µL isotonic phosphate buffer (pH 7.4) in each buffer chamber. After 4 h incubation in a water bath shaker (37 • C, 50 oscillations/min), the plasma and buffer samples were collected, and each 100 µL sample was used for LC-MS/MS analyses of SSa, PA, and IMP. For the binding study with rat brain (hippocampus, striatum, mixed brain) homogenates, each brain tissue sample was homogenized (Minilys ® ; Bertin Technologies, Montigny le Bretonneux, France) with 3 volumes (3 mL/g tissue) of isotonic phosphate buffer (pH 7.4). SSa, PA, and IMP were spiked into each blank brain homogenate to produce a final concentration of 0.2, 1, and 0.2 µg/mL, respectively. One (for the hippocampus and striatum) and a duplicate (for the mixed brain) of the above homogenate samples (each 200 µL) were transferred into each sample chamber and dialyzed against 350 µL isotonic phosphate buffer (pH 7.4) in each buffer chamber. Other procedures were the same as those used in the plasma protein-binding study. The unbound fraction (f u ) in plasma was calculated as follows:
where C p is the drug concentration in the protein-containing compartment and C b is the drug concentration in the buffer compartment. Because the brain homogenates were diluted during the homogenization process, it was necessary to correct the f u value measured in a diluted sample (f u measured ) to generate the undiluted f u value (f u brain ) using the following equation (Kalvass and Maurer, 2002):
where D is the dilution factor (=4) of the brain homogenates.
LC-MS/MS Analyses of SSa, PA, and IMP
The LC-MS/MS system comprised the Agilent 1260 LC System and the Agilent 6460 Triple Quadrupole Tandem Mass Spectrometer (Agilent, Waldbronn, Germany). Instrument control and data acquisition were performed using the Agilent MassHunter Workstation software (Version B. 04. 01). The concentrations of SSa, PA, and IMP in the samples were determined according to the LC-MS/MS method recently published from our laboratory [36] . The calibration curves were linear in a concentration range of 0.5-1000 ng/mL for SSa, 20-10,000 ng/mL for PA, and 0.2-1000 ng/mL for IMP. The mean intra-and interday coefficients of variation of the analyses on 5 consecutive days were below 15.0%, and the assay accuracies ranged from 95.8 to 113%.
Pharmacokinetic Analyses
The total area under the plasma concentration-time curve from time zero to infinity (AUC 0-inf ) or up to the last measured time (t) in plasma (AUC 0-t ) was calculated using the trapezoidal rule-extrapolation method [37] . Calculation of the following PK parameters was performed using non-compartmental analyses (WinNonlin ® ; Pharsight Corporation, Mountain View, CA, USA): the time-averaged total body, renal, and nonrenal clearances (CL, CL R , and CL NR , respectively), terminal half-life, mean residence time (MRT), and apparent volume of distribution at steady state (V ss ) [38] . The maximum plasma concentration (C max ) and time to reach C max (T max ) were directly read from the experimental data. For comparison, the extent of absolute oral bioavailability (F) was calculated by dividing the AUC value after oral administration by the AUC value after intravenous administration of equivalent doses of the pure component.
Statistical Analyses
The Statistical Package for Social Sciences program (SPSS Inc., Chicago, IL, USA) was used for statistical analyses. To compare two means of unpaired data, the t-test was used. To compare 3 means of unpaired data, the data were compared using one-way analysis of variance (ANOVA) and the post hoc Tukey test (for a homogenous subset), or Dunnett's T3 multiple-comparison test (for a non-homogenous subset). For data that were not normally distributed, nonparametric analyses (Kruskal-Wallis test) were used. A p value < 0.05 was considered statistically significant. All of the data are expressed as the means ± standard deviations (SD), except the median (range) for T max .
Results
PKs of SSa, PA, and IMP after Intravenous Administration of Each Pure Compound
The mean arterial plasma concentration-time profiles and relevant PK parameters of SSa, PA, and IMP following intravenous administration of each pure compound are shown in Figure 2 and Table 1 , respectively. The dose-normalized AUC values of SSa, PA, and IMP following intravenous administration tended to increase with dose elevation because of slower CL (particularly CL NR ) of the drugs in the higher dose group(s). A significantly greater (by 77.9%) dose-normalized AUC value of SSa following intravenous administration of 4.6 mg/kg SSa was observed with significantly slower CL (by 43.2%), CL R (by 81.2%), and CL NR (by 40.3%) than those of the 2.3 mg/kg dose group. A significantly smaller V ss (by 19.0%), longer MRT (by 42.9%), and smaller Ae 0-24h (by 68.0%) of SSa were observed in the higher dose group. PA showed significantly greater (by 38.0%) dose-normalized AUC with slower CL (by 27.0%) and CL NR (by 27.5%) in the highest intravenous dose (59.2 mg/kg) group than in the lowest dose (14.8 mg/kg) group. IMP also showed significantly greater (by 124% and 98.5%) dose-normalized AUC following the highest intravenous dose (11.5 mg/kg) with slower CL (by 56.4% and 50.5%) and CL NR (by 56.4% and 50.5%) than the lower dose (2.9 and 5.8 mg/kg) groups. A significantly longer MRT (by 96.6% and 60.2%) was observed in the highest dose (11.5 mg/kg) IMP group than in the lower dose (2.9 and 5.8 mg/kg) groups. The 24 h urinary excretion of IMP was almost negligible (<0.1% of the intravenous dose). Table 1 . Pharmacokinetic parameters of Saikosaponin a (SSa), paeonol (PA), and imperatorin (IMP) after intravenous administration of each drug to rats (mean ± standard deviations (SD)). 
Parameters
PKs of SSa after the Oral Administration of Pure SSa and DA-9805
The mean arterial plasma concentration-time profiles of SSa after oral administration in rats of pure SSa at doses of 2.3 and 4.6 mg/kg and DA-9805 at doses of 0.25, 0.5, and 1 g/kg (equivalent to 1.1, 2.3, and 4.6 mg/kg, respectively, as SSa) are shown in Figure 3 . The relevant PK parameters are also listed in Table 2 . Most of the plasma concentrations of SSa following oral administration of pure SSa at the lowest dose (1.1 mg/kg) were less than the lower limit of quantification (LLOQ; 0.5 ng/mL); thus, the data were excluded for PK analyses. The AUC and Cmax values of SSa were doseproportional following oral administration of pure SSa and DA-9805. Interestingly, the AUC0-8h values of SSa following oral administration of DA-9805 were significantly greater (by 96.1% and 163%) than those following oral administration of each equivalent dose of pure SSa, whereas the Cmax values were comparable between pure SSa and DA-9805. Therefore, the F values were greater (by 96.2% and 163%) following DA-9805 administration than after pure SSa administration. The F values of SSa following oral administration were extremely low (<0.1% of oral dose). Interestingly, the recovery from the GI tract (GI24 h values) was significantly higher (24.5-and 3.1-fold) in rats with DA-9805 administration than in rats with pure SSa administration. Mean arterial plasma concentration-time profiles of (A) SSa, (B) PA, and (C) IMP following 1-min intravenous administration of each pure compound at various doses (2.3 (n = 5) and 4.6 (n = 4) mg/kg of SSa; 14.8 (n = 5), 29.6 (n = 5), and 59.2 (n = 6) mg/kg of PA; and 2.9 (n = 5), 5.8 (n = 6), and 11.5 (n = 5) mg/kg of IMP) to rats. Vertical bars represent SD.
The mean arterial plasma concentration-time profiles of SSa after oral administration in rats of pure SSa at doses of 2.3 and 4.6 mg/kg and DA-9805 at doses of 0.25, 0.5, and 1 g/kg (equivalent to 1.1, 2.3, and 4.6 mg/kg, respectively, as SSa) are shown in Figure 3 . The relevant PK parameters are also listed in Table 2 . Most of the plasma concentrations of SSa following oral administration of pure SSa at the lowest dose (1.1 mg/kg) were less than the lower limit of quantification (LLOQ; 0.5 ng/mL); thus, the data were excluded for PK analyses. The AUC and C max values of SSa were dose-proportional following oral administration of pure SSa and DA-9805. Interestingly, the AUC 0-8h values of SSa following oral administration of DA-9805 were significantly greater (by 96.1% and 163%) than those following oral administration of each equivalent dose of pure SSa, whereas the C max values were comparable between pure SSa and DA-9805. Therefore, the F values were greater (by 96.2% and 163%) following DA-9805 administration than after pure SSa administration. The F values of SSa following oral administration were extremely low (<0.1% of oral dose). Interestingly, the recovery from the GI tract (GI 24 h values) was significantly higher (24.5-and 3.1-fold) in rats with DA-9805 administration than in rats with pure SSa administration. 
The mean arterial plasma concentration-time profiles of SSa after oral administration in rats of pure SSa at doses of 2.3 and 4.6 mg/kg and DA-9805 at doses of 0.25, 0.5, and 1 g/kg (equivalent to 1.1, 2.3, and 4.6 mg/kg, respectively, as SSa) are shown in Figure 3 . The relevant PK parameters are also listed in Table 2 . Most of the plasma concentrations of SSa following oral administration of pure SSa at the lowest dose (1.1 mg/kg) were less than the lower limit of quantification (LLOQ; 0.5 ng/mL); thus, the data were excluded for PK analyses. The AUC and Cmax values of SSa were doseproportional following oral administration of pure SSa and DA-9805. Interestingly, the AUC0-8h values of SSa following oral administration of DA-9805 were significantly greater (by 96.1% and 163%) than those following oral administration of each equivalent dose of pure SSa, whereas the Cmax values were comparable between pure SSa and DA-9805. Therefore, the F values were greater (by 96.2% and 163%) following DA-9805 administration than after pure SSa administration. The F values of SSa following oral administration were extremely low (<0.1% of oral dose). Interestingly, the recovery from the GI tract (GI24 h values) was significantly higher (24.5-and 3.1-fold) in rats with DA-9805 administration than in rats with pure SSa administration. The mean arterial plasma concentration-time profiles of PA in rats after oral administration of pure PA at doses of 14.8, 29.6, and 59.2 mg/kg and equivalent doses of DA-9805 are shown in Figure 4 . The relevant PK parameters are listed in Table 3 . The AUC and C max values of PA were proportional to PA doses following oral administration of pure PA and DA-9805. The AUC values of PA following oral administration of 0.5 and 1 g/kg of DA-9805 were significantly greater (by 164% and 155%) than those following the oral administration of each equivalent dose of pure PA, whereas the C max values were comparable between pure PA and DA-9805 or even less than those in the pure PA group. Again, greater F values of PA were observed following DA-9805 administration than after pure PA administration (28.7-41.7% vs. 12.2-16.4%). Following the administration of DA-9805, slow absorption of PA supported by delayed T max was observed compared to pure PA administration. 
PKs of PA after the Oral Administration of Pure PA and DA-9805
The mean arterial plasma concentration-time profiles of PA in rats after oral administration of pure PA at doses of 14.8, 29.6, and 59.2 mg/kg and equivalent doses of DA-9805 are shown in Figure  4 . The relevant PK parameters are listed in Table 3 . The AUC and Cmax values of PA were proportional to PA doses following oral administration of pure PA and DA-9805. The AUC values of PA following oral administration of 0.5 and 1 g/kg of DA-9805 were significantly greater (by 164% and 155%) than those following the oral administration of each equivalent dose of pure PA, whereas the Cmax values were comparable between pure PA and DA-9805 or even less than those in the pure PA group. Again, greater F values of PA were observed following DA-9805 administration than after pure PA administration (28.7-41.7% vs. 12.2-16.4%). Following the administration of DA-9805, slow absorption of PA supported by delayed Tmax was observed compared to pure PA administration. 
PKs of IMP after the Oral Administration of Pure IMP and DA-9805
The mean arterial plasma concentration-time profiles of IMP after oral administration in rats of pure IMP at doses of 1.4, 2.9, and 5.8 mg/kg and equivalent doses of DA-9805 are shown in Figure 5 . The relevant PK parameters are listed in Table 4 . Following the oral administration of pure IMP, the dose-normalized AUC and C max values of IMP at the highest level (5.8 mg/kg) were significantly greater (by 471% and 513%) than those in the lower dose groups (1.4 and 2.9 mg/kg). 
The mean arterial plasma concentration-time profiles of IMP after oral administration in rats of pure IMP at doses of 1.4, 2.9, and 5.8 mg/kg and equivalent doses of DA-9805 are shown in Figure 5 . The relevant PK parameters are listed in Table 4 
Protein Binding of SSa, PA, and IMP in Rat Plasma and Brain-Tissue Homogenates
The unbound fraction of SSa, PA, and IMP in rat plasma and brain-tissue homogenates are shown in Figure 6 . The plasma protein-binding values of SSa, PA, and IMP were 97.3 ± 0.516% (free fraction of 2.7%), 28.5 ± 15.4% (free fraction of 71.5%), and 96.5 ± 0.744% (free fraction of 3.5%), respectively. Nonspecific binding of SSa, PA, and IMP to the equilibrium dialysis devices was negligible because their recovery after incubation was almost complete (>94.7%). The binding values of all three compounds were higher in brain homogenates than in plasma. The binding values of SSa in each brain tissue (striatum, hippocampus, and mixed brain) homogenate were 99.4 ± 0.138%, 99.4 ± 0.099%, and 99.3 ± 0.124% (free fraction of 0.618, 0.582, and 0.719%), respectively. The binding values of PA in the striatum, hippocampus, and mixed brain homogenates were 96.3 ± 0.957%, 91.9 ± 2.49%, and 90.5 ± 0.996% (free fraction of 3.75%, 8.10%, and 9.53%), respectively; and the corresponding IMP values were 99.0 ± 0.10%, 98.9 ± 0.037%, and 98.8 ± 0.068% (free fraction of 1.04%, 1.12%, and 1.22%), respectively. 
Brain and CSF Distribution of SSa, PA, and IMP after the Oral Administration of DA-9805
The mean plasma, brain regional (frontal cortex, striatum, hippocampus, and cerebellum), and CSF concentration-time profiles and tissue-to-plasma (T/P) ratios of SSa, PA, and IMP after multiple oral administration of DA-9805 (250 mg/kg/day for 8 days) are shown in Figure 7 . The T/P ratios of SSa in each brain region were greater than unity (1.26-6.73) at 2 and 6 h, whereas the concentrations of SSa in CSF were less than the LLOQ. For PA, the T/P ratios in each brain region were slightly The mean plasma, brain regional (frontal cortex, striatum, hippocampus, and cerebellum), and CSF concentration-time profiles and tissue-to-plasma (T/P) ratios of SSa, PA, and IMP after multiple oral administration of DA-9805 (250 mg/kg/day for 8 days) are shown in Figure 7 . The T/P ratios of SSa in each brain region were greater than unity (1.26-6.73) at 2 and 6 h, whereas the concentrations of SSa in CSF were less than the LLOQ. For PA, the T/P ratios in each brain region were slightly greater than unity (1.13-1.98) at 2 h after the final DA-9805 oral dose, whereas the values, with the exception of those for the cerebellum, became smaller than unity at 6 h. The PA levels in the CSF were notably lower than those in the brain tissues and plasma. The T/P ratios of IMP in each brain region were greater than unity (1.24-3.04) at 2 h after the final dose, whereas the values became smaller than unity at 6 h. The concentrations of IMP in CSF were below the LLOQ. greater than unity (1.13-1.98) at 2 h after the final DA-9805 oral dose, whereas the values, with the exception of those for the cerebellum, became smaller than unity at 6 h. The PA levels in the CSF were notably lower than those in the brain tissues and plasma. The T/P ratios of IMP in each brain region were greater than unity (1.24-3.04) at 2 h after the final dose, whereas the values became smaller than unity at 6 h. The concentrations of IMP in CSF were below the LLOQ. 
Discussion
The effective oral dose of DA-9805 is 10-30 mg/kg/day in mice, and the planned dose regimen in the clinical study would be 30 mg or 60 mg three times a day (internal reports). However, the PKs of DA-9805 at this effective dose range could not be investigated due to the extremely low concentrations (<1%) of the two representative ingredients, SSa and IMP, in DA-9805. The doses of SSa (1.1-4.6 mg/kg), PA (14.8-59.2 mg/kg), and IMP (1.4-11.5 mg/kg) used in this study were determined based on the maximal tolerated dose of DA-9805, their concentrations in DA-9805, and assay sensitivity of each substance. Based on the relationship between the dose and PK parameters, the PKs of each component of DA-9805 in the effective dose range could be estimated.
The plasma concentrations of SSa after its intravenous administration at doses of 2.3 and 4.6 mg/kg decreased in a polyexponential fashion (Figure 2A) . Based on the slower CL (primarily CLNR) of SSa and greater dose-normalized AUC in the higher dose group, SSa was eliminated via a saturable process. The CL values of SSa were relatively slow compared to those of PA and IMP. Although the contribution of CLR to CL was small (2.22-6.94%), renal excretion of SSa seemed to also be saturated in the higher dose group based on the slowed CLR. The CLR of SSa as the free (unbound to plasma proteins) fraction (CLR,fu) was estimated based on the CLR (Table 1 ) and free fraction of SSa in plasma. The estimated value was 2.23-11.9 mL/min/kg, similar to the reported glomerular filtration rate in rats at 5.24 mL/min/kg [39] . The Vss values of SSa (102-126 mL/kg) were relatively small considering that the total body water in rats is 668 mL/kg [39] ; hence, the distribution of SSa in tissues might be restricted due to its hydrophilicity, large molecular weight, and high binding affinity to plasma protein.
Interestingly, SSa showed linear PKs following the oral administration of pure SSa and DA-9805 based on the dose-proportional AUC and Cmax values. This is because of the linear elimination of SSa at much lower plasma concentrations of SSa following oral administration in contrast to the saturation of SSa elimination following intravenous administration. The dose-normalized AUC of 
The plasma concentrations of SSa after its intravenous administration at doses of 2.3 and 4.6 mg/kg decreased in a polyexponential fashion (Figure 2A) . Based on the slower CL (primarily CL NR ) of SSa and greater dose-normalized AUC in the higher dose group, SSa was eliminated via a saturable process. The CL values of SSa were relatively slow compared to those of PA and IMP. Although the contribution of CL R to CL was small (2.22-6.94%), renal excretion of SSa seemed to also be saturated in the higher dose group based on the slowed CL R . The CL R of SSa as the free (unbound to plasma proteins) fraction (CL R,fu ) was estimated based on the CL R (Table 1 ) and free fraction of SSa in plasma. The estimated value was 2.23-11.9 mL/min/kg, similar to the reported glomerular filtration rate in rats at 5.24 mL/min/kg [39] . The V ss values of SSa (102-126 mL/kg) were relatively small considering that the total body water in rats is 668 mL/kg [39] ; hence, the distribution of SSa in tissues might be restricted due to its hydrophilicity, large molecular weight, and high binding affinity to plasma protein.
Interestingly, SSa showed linear PKs following the oral administration of pure SSa and DA-9805 based on the dose-proportional AUC and C max values. This is because of the linear elimination of SSa at much lower plasma concentrations of SSa following oral administration in contrast to the saturation of SSa elimination following intravenous administration. The dose-normalized AUC of SSa following oral administration of 4.6 mg/kg of pure SSa is also similar to the dose-normalized value in previous reports with a much higher dose in TCM (~42 mg/kg as SSa) [13] . Note that the F values of SSa following oral administration were extremely low (<0.1%). Slow SSa CL (Table 1) suggested that its first-pass metabolism is not considerable. Therefore, the extremely low F value of SSa was most likely due to incomplete absorption. The low permeability of SSa because of its large molecular weight (>700 Da) and hydrophilicity may contribute to incomplete absorption. Considering the extremely low F values of SSa, its recovery from the GI tract (GI 24 h values, Table 2 ) seems incomplete due to possible decomposition in the GI tract. SSa, which includes an unstable allyl oxide linkage, could be converted into diene saponin by gastric juice [40] . In addition, both the SSa and diene-transformed saikosaponins could be stripped of their sugar moieties by intestinal flora [40, 41] . Therefore, the decomposition of SSa in the GI tract could also be one of the possible reasons for the incomplete absorption.
The plasma concentrations of PA after its intravenous administration at dose ranges of 14.8-59.2 mg/kg also decreased in a polyexponential fashion ( Figure 2B ). PA showed slower CL (primarily CL NR ) and greater dose-normalized AUC values at the highest dose than at the lowest dose. This indicates that the elimination of PA is saturated at the highest dose. Intravenous PA over the lower dose range of 2.5-10 mg/kg showed linear PKs supported by constant CL (49.3-53.2 mL/min/kg) and dose-proportional AUC values [21] . The CL values of PA (21.4-29.3 mL/min/kg) obtained in this study (dose range of 14.8-59.2 mg/kg), which are slower than those from a previous report, again suggest the saturation of elimination at a higher dose range in this study. The CL R of PA as a free (unbound to plasma proteins) fraction (CL R,fu ) was estimated based on the CL R (Table 1) and free fraction of PA in plasma. Thus, the CL R,fu values estimated were 0.324-0.821 mL/min/kg, slower than the reported glomerular filtration rate in rats (5.24 mL/min/kg) [39] . The above data indicate that PA was primarily reabsorbed from the renal tubules in rats. Because the contribution of CL R of PA to CL was negligible (0.941-2.55%), nonrenal elimination was concluded to be the major elimination route of PA. The V ss values of PA (1100-1290 mL/kg) are greater than the reported total body water in rats (668 mL/kg) [39] . Unlike following intravenous administration, PA showed linear PKs following the oral administration of pure PA and DA-9805 at a dose range of 14.8-59.2 mg/kg as PA. The linear oral PKs of PA have been reported with a pure PA dose range of 35 to 140 mg/kg in rats [22] .
The plasma concentrations of IMP after its intravenous administration at a dose range of 2.9-11.5 mg/kg also decreased in a polyexponential fashion ( Figure 2C ). Slowed CL (primarily CL NR ) and increased dose-normalized AUC values of IMP in the highest dose group suggested the saturation of its elimination at the highest dose. The almost negligible recovery from urine (Ae 0-24h ) and CL R of IMP (Table 1) indicates that the major elimination route of IMP is a nonrenal process. IMP showed the greatest V ss values among the three components of DA-9805, which suggests that it has the highest affinity to tissue(s). Following oral administration of pure IMP, the significantly greater dose-normalized AUC and C max values of IMP at the highest level (5.8 mg/kg) than those in the lower-dose groups (1.4 and 2.9 mg/kg) could be a result of the saturation of first-pass metabolism of IMP at the highest dose.
When the PKs of each component following oral administration of DA-9805 were compared to the administration of each equivalent dose of pure component, several significant and interesting differences were found. First, following the oral administration of DA-9805, significantly higher plasma concentrations, and hence, greater AUC and F values of SSa and PA, were observed than those following oral administration of each equivalent dose of pure SSa and PA. This suggests the significant influence of DA-9805 component(s) on the PKs of SSa and PA. Among the components of DA-9805, IMP shows inhibitory effects on CYP1A2 and 2B6 in both human and rat liver microsomes [42] . It also has weaker inhibitory effects on other major human (2C19, 2C9, 2D6, and 3A4) and rat (2D2 and 3A1/2) CYP isozymes. O-demethylation of PA is the major in vivo metabolic pathway in rats [22] , and the major isoform responsible for O-demethylation of PA in human liver microsomes is CYP1A2 [43] . Therefore, it is likely that IMP in DA-9805 inhibits the hepatic metabolism of PA via CYP1A2 and results in greater AUC values of PA following DA-9805 administration than after pure PA administration. SSa is also mainly metabolized in a Phase I manner [44] . Although the enzymes responsible for this Phase I metabolism of SSa have not been reported, the inhibition of SSa metabolism by IMP or other component(s) in DA-9805 could result in increased AUCs following DA-9805 administration.
Second, significantly more SSa was recovered from the GI tract at 24 h (including feces collected for 24 h) after the oral dose (GI 24 h values in Table 2 ) when DA-9805 was administered compared to pure SSa administration. This may not be due to decreased absorption of SSa when DA-9805 was administered compared to when pure SSa was administered because even greater AUC and F values of SSa were observed in rats with DA-9805 administration. Possibly, other saikosaponins and sugar-containing glycosides in DA-9805 could competitively prevent the decomposition of SSa in the GI lumen such as the hydrolysis of sugar moieties by intestinal flora.
Finally, the absorption of PA and IMP seemed to be delayed following oral administration of DA-9805 supported by their delayed T max values compared to the administration of each pure component. Multiple components in DA-9805 might influence the absorption rate of each component. One of the possible reasons for the slowed absorption of PA and IMP could be slowed GI motility following DA-9805 administration because both Radix Paeoniae [45, 46] and Radix Bupleuri [47] have antispasmodic effects on the GI tract. Because of the delayed absorption of IMP following DA-9805 administration, the C max value of IMP is lowered and might not reach the level to cause saturation of its first-pass metabolism. This explains linear PKs of IMP up to the highest oral dose, when DA-9805 was administered. By contrast, following the highest oral dose (5.8 mg/kg) of pure IMP, possible saturation of its first-pass metabolism may result in greater dose-normalized AUCs than the lower dose groups.
Enhanced exposure of SSa and PA and delayed absorption of PA and IMP when administered as DA-9805 resulted in favorable PK profiles (i.e., elevated and sustained plasma concentrations of the three active components). The different PKs of the active components when administered as DA-9805 suggest possibly superior efficacy of DA-9805 over each pure component or their simple mixture.
The binding values of SSa and IMP to plasma protein were considerable (97.3% and 96.5%, respectively), whereas PA has relatively low binding values. However, the binding values of SSa, PA, and IMP were all considerable (>90.5%) in mixed brain, striatum, and hippocampus homogenates. Note that all three components of DA-9805 showed greater binding values (smaller free fraction) in brain homogenates than in plasma, possibly enabling their higher concentrations in the brain than in plasma. This result is consistent with the tissue-to-plasma ratios of the three components being greater than unity in most brain tissues at 2 h following multiple oral administrations of DA-9805. PA and IMP pass through the blood-brain barrier [14, 32] . The concentrations of IMP in the striatum and hippocampus are higher than those in other regions [32] ; our results are consistent with those findings. Notably, a brain-to-plasma ratio greater than unity of SSa suggests the possibility that SSa passes through the blood-brain barrier, despite its high polarity and large molecular weight, in line with previous studies reporting pharmacological activities of SSa in CNS [10, 11] . By contrast, extremely low concentrations of the three components in the CSF suggest that the distribution of the three components in the CSF is negligible.
Conclusions
Following the intravenous administration of each pure component of DA-9805 (SSa, PA, and IMP), all three components showed dose-dependent PKs because of the saturation of elimination at a higher dose. By contrast, the dose-proportional AUC values of SSa, PA, and IMP were observed following oral administration of each pure component (except IMP at the highest dose) or DA-9805. Compared to the oral administration of each pure compound, oral administration as DA-9805 showed an increase in the AUC of SSa and PA, possibly due to inhibition of their metabolism by IMP or other component(s) in DA-9805. A delay in the absorption of PA and IMP was also observed when they were administered as DA-9805. The binding values of SSa and IMP to plasma protein or brain homogenates were considerable, whereas PA had relatively low binding values in plasma. All three components showed greater binding values in brain homogenates than in plasma, possibly explaining the observed brain-to-plasma ratios being greater than unity following multiple oral administrations of DA-9805 in contrast to their negligible levels in the CSF. This study furthers our understanding of the comprehensive PKs of SSa, PA, and IMP in rats and comparative oral PKs between each pure component and DA-9805. 
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